The electronic and redox properties of a series of cyclometalated Pd complexes with oxidation states of +2, +3 and +4 were examined using a range of currently available spectroscopic and electrochemical techniques. Changes in metal-ligand bond lengths were established by X-ray crystallography and correctly predicted by DFT calculations, from which the frontier orbitals and partial atomic charges can be obtained. X-ray absorption spectroscopy (XAS) revealed interesting XANES features that suggest a synergistic relationship between metal-ligand interactions. The electrochemical study of the Pd(II) dimer was found to contain two sequential oxidative potentials indicative of a weak metal-metal interaction.
Introduction
The direct activation of Ar-H bonds towards C-C and C-X bond forming reactions is of significant interest, as they have the potential to deliver greater step-and atom-economy than 'classical' cross-coupling reactions. Indeed, 'C-H activation of aromatics without the need for haloaromatics' was identified as one of 'the most aspirational reactions' and an 'unmet need', in a survey conducted by the ACS Green Chemistry Institute's Pharmaceutical Roundtable some years ago, 1 and still remains as one of the most significant challenges for synthesis in the 21 st century. Palladium catalysis plays a critical role within this arena: many reactions can be performed simply by using Pd(OAc) 2 without extraneous ligands, in the presence of an appropriate oxidant. [2] [3] [4] [5] Often referred to as 'oxidative coupling' reactions, it is believed that the reactions involve palladacycle intermediates of higher oxidation states (+3 and/or +4). [6] [7] [8] [9] A classic example is the Pd-catalysed ortho-acetoxylation of 2-phenylpyridine (2-PhPy, Scheme 1) and its closely-related benzo[h]quinoline derivatives. The reaction proceeds in the presence of Pd(OAc) 2 and iodosobenzene diacetate, PhI(OAc) 2 , which functions simultaneously as an oxidant and a source of the acetate. First reported by the group of Sanford, 10 the reaction was further investigated by Ritter and co-workers. 11 It is accepted that the reaction initiates with a chelated-assisted cyclometalation to form a stable diacetato-bridged palladacycle 1 (Scheme 2, step i), which undergoes oxidative addition with PhI(OAc) 2 to form a diamagnetic bimetallic Pd(III) intermediate 2 (step ii), prior to reductive elimination (step iii) to afford the ortho-acetoxylated product. An earlier proposal favoured the formation of Pd(IV) catalytic intermediates. Although a discreet monomeric complex was never isolated directly from the catalytic mixture, the viability of the +4 oxidation state was provided by the reaction of PhI(OAc) 2 with a bis-C,N-chelated complex (3) to give the octahedral Pd(IV) complex 4, which undergoes reductive elimination at 60°C spontaneously to afford the expected product (Scheme 3). These studies provided a series of palladacycles 1-4 with formal oxidation states of +2, +3 or +4, with only 2-PhPy and acetate as ligands. 12 Thus far, characterisation of these crystallography and, more recently, mass spectrometry. 13 While these techniques provide useful structural information, they do not offer direct information on the electronic properties of these cyclometalated complexes; particularly, electronic (re)distribution that occurs upon the increase in oxidation state that may account for their subsequent reactivity. The aim of this work is to combine spectroscopic measurements with theoretical methods to afford direct comparisons and insights into the electronic and redox properties of these closely-related palladacycles. As the extended π-system in 2-phenyl pyridine can also be redox active, we wish to determine the charge distribution and the extent of ligand participation 14 in these compounds.
Results and discussion

X-ray crystallography and DFT calculations
Solid-state structures for Pd(II) complexes 1 15 and 2 16 had been previously established by X-ray crystallography. In this study, crystals suitable for X-ray diffraction were also obtained for the bis-chelated complexes 3 and 4 ( Fig. 1) . The structure of 3 shows the expected twisted square planar coordination of two chelated 2-PhPy ligands to the palladium centre, the two [Pd,N,C] coordination planes being inclined to each other by ca. 24°. The coordination distances of the two ligands are very similar, with the Pd-N bond length being ca. 0.13 Å longer than its Pd-C counterpart in both instances. The X-ray crystal structure for complex 4 had been previously reported as a C2-symmetrical molecule (CCDC code: LUFQIN) with 50 : 50 disorder between the coordinated C and N atoms. 21 In this work, however, we were able to obtain an ordered crystal structure showing an asymmetric, all-cis geometry, which is commensurate with the solution state structure observed by NMR spectroscopy (more extensive discussion on the structure determination is provided in the ESI †).
As the oxidation state of the Pd increases from +2 to +3, the primary coordination sphere of its oxidative adduct might be expected to contract due to increased charge. However, a comparison of the structural parameters of complexes 1 and 2 showed that this only appears to affect the mutually trans Pd-O and Pd-C bonds, where a shortened Pd-O bond was counteracted by a corresponding lengthening of the Pd-C bond (by ca. 0.02 Å). In contrast, the mutually opposite Pd-N and Pd-O bonds remained essentially the same (Fig. 2) . The same trends were also observed in complexes 3 and 4. In the latter, the bond lengths in the primary coordination sphere of the highly Scheme 2 Proposed catalytic steps of the Pd-catalyzed acetoxylation of 2-PhPy.
Scheme 3 Oxidative addition of PhI(OAc) 2 to complex 3. asymmetric oxidative adduct are influenced by different trans effects; nevertheless, the equivalent Pd-N and Pd-C bonds (trans to C-and N-donor atoms, respectively) were found to be largely unaffected by the change in the formal oxidation state from +2 to +4. In terms of the covalent bonds, no statistically significant changes were observed in the bond lengths composing the chelate ring of the 2-PyPh ligand. Among the acetate ligands, the one positioned trans to the C(σ)-donor group in the Pd(IV) complex 4 is particularly notable by having practically identical C-O bond lengths of ca. 1.23 Å, while in all other instances the coordinated C-O bond is substantially longer. 17 In order to rationalise these structural features, DFT calculations were performed, whereby the structures of all four complexes were optimised using the WB97XD functional 18 with a mixed Def2TZVP basis set 19 at Pd, 6-31G(d,p) basis set for all other atoms, and solvent correction (CPCM, dichloroethane). Taking into account the differences between solid and solution structures, the calculated bond lengths were in very good accord with the experimental values, with changes in the primary coordination spheres accurately predicted (Fig. 2) , including the greater trans effects imposed by C-over N-donor atoms in the octahedral complex 4.
Good agreement in the predicted bond lengths allows us to analyse the frontier orbitals of these molecules (Fig. 3) . In terms of dimeric complexes 1 and 2, it is interesting to note the change from antibonding and bonding interactions between the metal centres, thus supporting the development of M-M interactions during the oxidation process. With the exception of complex 1, there is substantial ligand participation by both 2-phenylpyridyl and acetate, which are likely to work synergistically to stabilize the oxidative adducts. The participation of the acetate ligand trans to the C(σ)-donor group in complex 4 is particularly notable. Natural bond order analysis revealed nearly identical C-O bonds, which accounts for the shorter bond lengths observed previously.
The MO analysis was further supplemented by implementing Charge Model 5 (CM5), developed by Cramer and Truhlar 20 to afford prediction of partial atomic charges that are essentially independent of the level of theory and basis set (Fig. 4) . As expected, positive charges of the Pd metal centre increased by 50 and 100% upon oxidation to Pd(III) and Pd(IV), respectively. Interestingly, changes in the ligand charges are not only dependent on the donor atom, but also their relative positions. In the case of Pd(III) complex 2, the axial acetate carries a greater charge than its bridging counterpart. At the same time, only a slight reduction in the partial charge on the C(σ)-donor atom was observed (−0.14 to −0.12). In comparison, a more dramatic electronic redistribution occurred in the transformation of complex 3 to the Pd(IV) adduct 4. In this case, a significant reduction of C(σ)-donor atom charges was observed (from −0.16 to ca. −0.1, irrespective of the transdonor atom). The greater charge separation between the reactive centres, combined with the orbital contributions obtained from the DFT study, supports the experimental observationsthe greater propensity for 4 to undergo reductive elimination to generate a C-O bond, compared to 2.
In the next part of our study, we attempted to obtain further experimental verification for the above analysis, in particular, whether changes in the metal's electronic environment can be detected spectroscopically.
X-ray absorption studies
In a XAS measurement, an electron is excited from the metal's inner shell (in this case 1s, or 'K-edge') to its vacant valence orbitals (4d and 5p for Pd) or, when given more energy, to the continuum. This gives rise to an X-ray absorption spectrum corresponding to the local unoccupied density of states that can be directly correlated to the oxidation state. In the XAS spectrum of Pd, the dominant contribution arises from 1s → 5p transitions, giving rise to 'p peaks' (ΔL = 1, generally accepted as the K-edge). Other transitions into empty orbitals, i.e. 1s → 4d transitions ('d peaks') give rise to pre-edge features in the XAS spectra of non-centrosymmetric complexes, due to mixing of ( partially occupied) 4d orbitals with 5p-orbitals. 21 Changes in the metal's oxidation state are expected to affect the positions of both the p-and d-peaks. For Pd complexes, an increase in the oxidation state of the metal can cause either an increase or decrease in the K-edge energy ( p-peak) depending on whether the oxidation is metal-or ligand-based. For example, in a previous study of (diphosphine)Pd complexes, an increase in the oxidation state from Pd(0) to Pd(II) was reported to lower the K-edge energy. 22 Conversely, an increase in the K-edge energy was observed in the oxidation of a cyclometalated pentaphenylferrocene-oxazoline Pd(II) complex to a paramagnetic Pd(III) species. 23 In the present study, the relative positions of the d-peaks are also of interest, 24 as they are expected to be more sensitive to ligand effects (metal-ligand interactions operate primarily through the d-orbitals). XAS spectra of complexes 1 and 3 were recorded at the Pd K-edge (24.35 keV), initially in the solid state ( pressed discs), and then as solutions in 1,2-dichloroethane (DCE). The oxidative adducts 2 and 4 are unstable in the solid state and have limited stability in solution 25 at ambient temperature. For these compounds, PhI(OAc) 2 was added to the Pd(II) precursors, to generate these complexes in situ. 26 Due to the diluted sample, acquisition of multiple scans was required in order to improve the signal-to-noise ratio. The experiments were repeated with freshly prepared solution, such that spectra of sufficient quality can be extracted and inspected, before they were combined for analysis. The EXAFS regions of complexes 1-4 recorded as solution samples were compared with the structural parameters extracted from the X-ray diffraction studies. The goodness-of-fit of the primary coordination shell confirmed that the metal-ligand distances in the solid-state structures are maintained in solution (Fig. S4-S7 , ESI †), although the poor resolution and the presence of multiple scatterers did not permit accurate determination of structural parameters beyond the primary coordination environment. The expected increase in the absorption energy was observed in the XANES spectra for 3 → 4 (+2 → +4). However, the XANES regions for complexes 1 and 2 appeared to be identical (Fig. 5A) . The XANES can be deconvoluted into p and d peaks by their transformation into negative second derivative plots (Fig. 5B) , revealing three distinct features I-III. 27 Feature I at lower-energy is assigned as the d-peak, while the more energetic features II and III are the p-peaks. In the case of complexes 1 and 2, the d peak remained unchanged, while the p peaks decreased and increased in energies, respectively. This suggests the presence of ligand contributions that can exert an opposite effect on the different energy states. In comparison, lowering in energy of the d-peak of complex 4 is accompanied by a rise in energy of both the p-peaks, relative to that of complex 3, which is expected for a metal-based oxidation process.
Electrochemistry
During the course of this work, the redox behaviour of the dinuclear complex 1 by cyclic voltammetry (CV) in acetonitrile (the reaction solvent -Scheme 1) was investigated. In a study by Bercaw and Green, 28 Comparing these two reports, the assignment by Dudkina et al. is more consistent with the relatively low reductive potential of PhI(OAc) 2 (vide infra), which is able to oxidize complex 1 to 2 (Pd II -Pd II → Pd III -Pd III ), and also used as an oxidant in the catalytic process. If this is the case, it was speculated that the two-electron transition observed at the lower potential could be the result of two successive 1-electron oxidations, due to M⋯M interactions. 28, 30 To pursue this further, the electro- (Fig. 6A ). The two redox potentials were observed reproducibly using a Au(111) electrode, although the signal at higher potential appeared to be less prominent on the more reactive Au surface (S8, ESI †). The peak current ratio was found to depend strongly on the scan rate (Fig. 6B) 
Conclusions
A number of spectroscopic and theoretical techniques have been applied to examine the electronic features of two 2-PhPyPd complexes, as they undergo oxidative addition reactions with PhI(OAc) 2 . Highly complementary information on the structure and reactivity of these complexes can be obtained from this study, offering a coherent picture of the electronic nature of these complexes: (1) a study of the solid-state structures of the complexes revealed some interesting features, with the ligands trans-effect being the overriding factor in M-L bond lengths, rather than changes in the formal oxidation states; (2) an appropriate method has been found for the DFT calculation, which correctly predicts the changes in M-L distances upon oxidative addition. The corresponding analysis of the frontier orbital gave insights into the participation of ligands in the stability of the oxidative adducts; (3) charge distributions in these metal complexes were revealed by CM5 calculations; (4) XAS studies revealed that the oxidation of a Pd(II) palladacycle 3 to Pd(IV) adduct 4 is predominantly a metalbased process (rise in K-edge), while an adjustment in the metal-ligand interaction was observed in the oxidative addition of a Pd(II) dimer to a Pd(III) dimer (opposite shifts in p-peaks); and (5) during the course of this work, the oxidative potentials for complex 1 in acetonitrile have been revised, commensurate with the use of PhI(OAc) 2 as an oxidant. This work provides a useful benchmark for future studies of similar palladacycles with different ligands, while highlighting additional challenges involve further refinement of these experiments to afford more accurate predictions/quantification of electronic properties that are relevant to redox catalysis. The practical and theoretical challenges of determining the structure of discreet molecular complexes (exacerbated by their limited solubility) are also highlighted in this work. This will require further design of sample environments/acquisition and detection methods to achieve better resolution of EXAFS spectra.
